The subject of this study was the application of local approach to ductile fracture in order to estimate the integrity of damaged seam casing pipes for oil and gas drilling rigs. The experimental testing included tensile testing of specimens and a pressure test of a pipe with different levels of damage simulated by machined notches. In exploitation, such structures (i.e., pipes with local thin areas) can fail by the ductile fracture mechanism or by plastic collapse in the ligament. However, the majority of the procedures for determining their integrity are based on limit loads, i.e., plastic collapse criteria. In this work, a pipe subjected to internal pressure was modelled using the finite element method and local approach to fracture (the Complete Gurson Model -CGM), with the aim of determining damage development in the material (i.e., at the bottom of a machined defect) and of establishing the criteria for the maximum pressure that a damaged pipe can withstand. The results obtained using the micromechanical model are discussed and compared with several often used limit load expressions from the literature and a stress-based finite element criterion. It is shown that local approach can give appropriate results and represent failure criterion for pipes with local thin areas.
Introduction
Pipelines consisting of seam or seamless pipes are the most economic and safest way for oil and gas exploitation and transport. Decreases in strength caused by corrosion defects are very often encountered in these structures; they can endanger work safety and even lead to catastrophic failures. Therefore, pipelines should be controlled in certain time intervals, in order to obtain a realistic insight into the possible propagation of damage and assess their structural integrity. Many procedures for estimating the remaining strength of pipes with corroded areas have hitherto been developed. 18) One of the solutions for an assessment of the influence of corrosion defects on pipe integrity is the ASME B31G code, published in Ref. 1). Since it is often regarded as too conservative, several other procedures have been derived from it, such as the modification by Kiefner and Vieth 2) (in the remainder of the text -modified ASME B31G) and RSTRENG.
3) Det Norske Veritas (DNV) published recommended practices 4) for assessing the integrity of corroded pipelines under internal pressure and internal pressure combined with axial loading. FITNET procedures 5) also contain a module for estimating the remaining strength of pipelines with local corrosion damage.
Choi et al. 6) derived limit load solutions based on the results of experimental and numerical analyses. A series of burst tests were conducted and corresponding elasticplastic finite element simulations were performed. Failure was predicted to occur when the von Mises stress reached a reference stress across the entire ligament; the reference stress was determined as 8090% of the ultimate tensile stress. This value depends on the geometry of the defect, and two different shapes were studied: elliptical and rectangular. Adib-Ramezani et al. 7) proposed integrity assessment of the pipes with defects under internal pressure based on a modification of the SINTAP (Structural Integrity Assessment Procedure).
9) The FAD concept for integrity assessment of cracked structures was extended to notch problems; in this way, the assessment accounted for both collapse limit loads and the fracture aspect.
As mentioned previously, failure of pipelines with local thin areas (e.g., corrosion defects) can be caused either by plastic collapse or fracture.
1013) However, in the literature, the critical loading for such structures is usually determined as the limit load, i.e., not taking into account the fracture initiation process. In the present work, local approach to fracture was chosen for an analysis of failure initiation, which enabled the behaviour of a structure with a defect to be assessed in accordance with the failure mechanism. An important advantage in comparison with standard fracture mechanics analysis is a possibility to analyze geometries without an initial crack, i.e., to predict the fracture initiation criteria.
The material model used in this paper was the Complete Gurson Model, 14) which is an extension of the Gurson TvergaardNeedleman model. 1517) Both models take into account the effects of void nucleation, growth and coalescence on the elasticplastic behaviour of a material. The advantage of the Complete Gurson Model (CGM) is the lack of necessity for the determination of the critical value of the damage parameter, corresponding to void coalescence and start of sudden loss of load-carrying capacity. In the CGM, this value is calculated during the finite element analysis based on the plastic limit load in the ligament between the voids, 18) and depends on the stress and strain fields in the structure.
Experimental

Material properties
The chemical composition of the API J55 steel used for the fabrication of the examined seam casing pipe is given in Table 1. 19) The microstructural observation conducted on polished samples cut from the pipe indicated the presence of oxides, silicates and complex oxide inclusions. Three microphotographs with larger clusters/groups of inclusions are given in Fig. 1 . The microstructural parameters (Table 2) were determined by quantitative microstructural analysis. First, the volume fraction of non-metallic inclusions f v was determined on the cut and polished surfaces. Based on the value of f v , mean free path between these particles is calculated subsequently, in accordance with ASTM 1245 standard.
The tensile properties were determined on round tensile (RT) specimens, also taken from the examined casing pipe. The yield strength was 380 MPa, the ultimate tensile strength was 562 MPa and the hardening exponent was 0.16. All specimens exhibited a ductile fracture mechanism, with necking in the fracture zone. More details on the properties of the material were given previously. 19) 
Pipe pressure testing
Pressure test was conducted on a vessel with simulated circular-shaped defects. The vessel was made from a part of the casing pipe capped at both ends, with nominal dimensions: diameter º 139.7 mm and wall thickness 6.98 mm. Corrosion defects are simulated by machining circular notches at the outer surface of the pipe (Fig. 2) . Different levels of material degradation (local thin areas) were represented by varying the depth of these holes a ( Fig. 3 ): 5.25 mm for 75%, 3.5 mm for 50% and 1.75 mm for 25%. Strain gauges were placed at the bottom of each notch, measuring strains in circumferential (hoop) and longitudinal (axial) pipe direction.
FEM Calculations
The numerical analysis of the behaviour of the pipe with machined defects under internal pressure was conducted using the finite element (FE) software package Abaqus. 20) The FE meshes consisted of 20-node reduced integration elements, Fig. 4 (a). The Gurson yield criterion was used to model the behaviour of the material, including damage development, which will be discussed in the remainder of the text. Due to the symmetry, one quarter of the pipe was modelled, with appropriate boundary conditions defined at the model boundaries. These conditions, i.e., symmetry with respect to the corresponding planes, are schematically shown in Fig. 4 (a). Loading is defined by applying a pressure p at the inner surface, with an additional axial loading p a Table 1 introduced at one end of the FE model to take into account the fact that the pipe was capped at both ends, Fig. 4(b) . Bearing in mind that the strains are measured (in the longitudinal and circumferential direction) in the middle of each defect during the experiment, in the numerical analysis, these values were determined in the FE nearest to that location (marked in Fig. 4(a) ). The results of the numerical analysis predict significantly larger strains in the circumferential direction in comparison with the longitudinal direction (up to 10 times), which was also found from the experiment results, Fig. 5 . These results can be explained by the influence of a defect on the stress/ strain state, i.e., the more significant relative reduction of the longitudinal cross-section (exposed to hoop stress) in comparison with the cross-section exposed to axial stress. Therefore, the ratio of the hoop stress and the axial stress is significantly larger than in a defect-free geometry (e.g., for a thin-walled cylindrical geometry subjected to internal hydrostatic pressure, the hoop stress is two-times larger than the axial one).
Due to the stress concentration, there is also a significant accumulation of equivalent plastic strain in the bottom of a defect. Damage parameter of the GursonTvergaard Needleman (GTN) model (porosity or void volume fraction f ) also exhibits localization in this area (Fig. 6) , which is expected because it depends on the plastic strain, eq. (3).
The expression for the plastic potential in the GTN model 1517) is:
where · denotes the flow stress of the material matrix, · m is the mean stress and · eq is the von Mises equivalent stress. Constitutive parameters q 1 and q 2 were introduced by Tvergaard 16) to improve the ductile fracture prediction of the Gurson Model (values q 1 = 1.5 and q 2 = 1 were used here, according to 16) ) and f* is the damage function:
17)
where f c is the critical value of f, at the moment when the void coalescence begins.
In the initial stage of the ductile fracture of steel, the voids nucleate mainly around non-metallic inclusions. Hence, the initial porosity f 0 is here assumed to be equal to the volume fraction of non-metallic inclusions f v , Table 2 . This is equivalent to the assumption that all voids are initiated at a Determination of the Load Carrying Capacity of Damaged Pipes Using Local Approach to Fracturelow loading level, bearing in mind that new (secondary) voids in steel are typically formed during the final stage of fracture, whereas ductile fracture initiation was the subject of this study. Such an approach, i.e., setting the value of f 0 to be equal to the volume fraction of non-metallic inclusions in steel, was applied previously. 2125) In addition, the volume fraction of larger void-nucleating particles was used as the initial void volume fraction in nodular cast iron 26, 27) and aluminium alloys.
2830)
The growth of the voids during increasing loading is defined by the following expression:
where _ ¾ p ii is the plastic part of the strain rate tensor. Zhang et al. 14) applied the Thomason void coalescence criterion (based on the plastic limit load 18) ) to the GTN model, obtaining the Complete Gurson Model -CGM. The criterion for the beginning of void coalescence is:
where · 1 is maximum principal stress, ¾ 1 , ¾ 2 , ¾ 3 are principal strains, r is the void space ratio, ¡ and ¢ are constants fitted by Thomason (¡ = 0.1 and ¢ = 1.2); Zhang et al. 14) proposed a linear dependence of ¡ on the hardening exponent n, which is applied in the CGM.
Unlike the GTN model, the critical void volume fraction f c does not have to be an input for the CGM, but is a variable that is calculated during the analysis. This value, corresponding to ductile fracture initiation, is taken as the pipe failure criterion in the present study; the CGM was applied through the Abaqus UMAT subroutine created by Zhang, based on Ref. 14). The value of f was monitored in the element nearest to the middle of the defect. When it reached the critical value f c , pipe failure is predicted and the corresponding pressure was determined.
In the literature, 3133) the GTN model has been previously used for analysis of the load carrying capacity of pipes with crack-like flaws. The present work aims at extending this approach to pipes containing blunt surface defects, such as those caused by local corrosion. Local approach to fracture was previously applied for similar purposes, 11) but the procedure included so-called uncoupled modelling ® calculating the damage parameter during a post-processing procedure, without its influence on the yield criterion.
In addition to circular defects, corresponding to the machined ones, defects with larger lengths were also analysed using FEM, because this defect dimension also affects the maximum pipe pressure. The aim was to establish the relation between these lengths and the load carrying capacity of the pipe. One such defect (the depth is 75% of the pipe wall thickness, L= ffiffiffiffiffi Rt p ¼ 5) is shown in Fig. 7 . The defect area exhibits a reduction in thickness under internal pressure, which corresponds to local necking prior to final failure. This thickness reduction, obtained by FEM, is given in Fig. 8 , in which a circular defect is given as an example; both non-deformed and deformed configurations are shown. Such material behaviour can be compared to necking of the round tensile specimen, with significant strain localization.
Failure Criteria
In addition to the micromechanical criterion, which predicts failure by fracture initiation, several limit load solutions (with plastic collapse as the failure criterion) from the literature were also applied for the calculation of the maximum pressure of the analysed pipe: ASME B31G code, modified ASME B31G and the solution of Choi 6) (in the remainder of the paper the Choi solution/equation). The corresponding expressions are given in Table 3 . In Table 3 , a and L are the defect depth and length, M is a geometry correction factor, while C j ( j = 0.2) are coefficients in the Choi equation. D e and D i represent the external and internal diameter of the pipe, respectively, (D i = D e ¹ 2t), while the mean pipe radius is
The dependence of the maximum pressure in a damaged pipeline on the defect length is shown in Fig. 9 for damage levels 75 and 50%; the results were obtained using expressions from Table 3 , the FE stress-based solution and the CGM solution. FE stress-based failure criterion is considered to be fulfilled when the von Mises stress value reaches the reference stress throughout the entire ligament, i.e., it is also a plastic collapse criterion, like the three expressions from Table 3 . The reference stress was chosen as 85% of the ultimate tensile strength, as a moderately conservative solution.
34)
The Choi procedure gives more conservative results for long and deep defects in comparison to the results of the two ASME methods, while in other cases, it is less conservative. The local approach (the CGM) can predict the trend of decrease in maximum pressure with increasing defect length and depth. Bearing in mind that this approach is strain-based and that it includes damage development in a material, it is physically suitable for the materials often used for the manufacture of pipes. Namely, such materials exhibit ductile fracture behaviour under working conditions (except for those operating at very low temperatures, which can also exhibit the brittle fracture mechanism). Local approach also circumvents another problem associated with standard stressbased FE criteria, which is the variable coefficient that is multiplied with the ultimate tensile strength for the determination of the failure criterion. 8) This coefficient, often designated as ©, can have values from 0.8 to 1.0, depending on the material (its stressstrain curve, etc.) and geometry of the pipe/defect. As mentioned previously, this value is 0.85 in the Fig. 9 . The deviation of the result of the local approach for the model with a depth of 50% of the pipe wall thickness and length L ¼ 5 ffiffiffiffiffi Rt p [right hand side of Fig. 9(b) ] may be attributed to the different failure mode, i.e., plastic collapse.
Bearing in mind that the prediction of the initiation of ductile fracture using the local approach to fracture typically exhibits mesh dependency, the calculations were performed with mesh refinement in the radial, axial and thickness direction, in order to check the effect of element size and formulation on the load carrying capacity. All the changes were made in the defect ligament because high stress and strain values are localized in this area. It could be concluded that the results did not vary significantly ( Fig. 10 ; element Table 3 Expressions used for calculation of maximum pressure; 1 -ASME B31G, 2 -Modified ASME B31G, 3 -Choi's solution.
(a) (b) Fig. 9 Maximum pressure for defects with depth 75 and 50% of the pipe wall thickness ® dependence on defect length. size denotes the size of its longest side, in the plane of the defect), which can be attributed to the fact that crack initiation is assessed in this work as a failure criterion, and the stress concentration on the analysed geometries was not pronounced. The modelling of a structure with a crack (once the crack has been initiated) using a micromechanical model would require the determination of the specific element size for the crack region and ligament in front of the crack tip. 35, 36) This element size (or distance between the integration points) is typically related to the mean free path between non-metallic inclusions. However, in this case the element size and formulation have very small effect, bearing in mind that crack initiation was analysed on geometry without a pre-crack.
Conclusions
This paper deals with the criteria for the assessment of the residual strength of damaged pipes, and the conclusions can be summarised as follows:
Unlike other numerical procedures for the assessment of pipe integrity, mainly stress based, micromechanical modelling includes analysis of damage initiation that inevitably emerges prior to failure. This approach enables the user to analyse fracture initiation in structures without a pre-crack (i.e., with notches, local thin areas, etc.), which can not be achieved by application of fracture mechanics criteria.
Observing the stress state in the middle of a defect revealed that the maximum pressure obtained using the local approach gives similar values for API J55 steel as the stress-based criterion (requiring that von Mises equivalent stress reaches the reference stress throughout the entire ligament). However, an advantage of the local approach is the lack of a necessity for an estimation of the reference stress -in the literature varying between 80 and 100% of the ultimate tensile strength.
An influence of the FE mesh on the applied micromechanical criterion for pipe failure exists, but it is not significant. The mesh dependence is much more pronounced if this criterion is applied to pre-cracked structures.
